Abstract Notch signaling mediates cell-to-cell interactions that are critical for embryonic development and tissue renewal. In the canonical signaling pathway, the Notch receptor is cleaved following ligand binding, resulting in the release and nuclear translocation of the Notch intracellular domain (NICD). NICD induces gene expression by forming a ternary complex with the DNA binding protein CBF1/Rbp-Jk, Suppressor of Hairless, Lag1, and Mastermind-Like (Maml). Hairy Enhancer of Split (Hes) and Hes related with YRPW motif (Hey) are classic Notch targets. Notch canonical signaling plays a central role in skeletal development and bone remodeling by suppressing the differentiation of skeletal cells. The skeletal phenotype of mice misexpressing Hes1 phenocopies partially the effects of Notch misexpression, suggesting that Hey proteins mediate most of the skeletal effects of Notch. Dysregulation of Notch signaling is associated with diseases affecting human skeletal development, such as Alagille syndrome, brachydactyly and spondylocostal dysostosis. Somatic mutations in Notch receptors and ligands are found in tumors of the skeletal system. Overexpression of NOTCH1 is associated with osteosarcoma, and overexpression of NOTCH3 or JAGGED1 in breast cancer cells favors the formation of osteolytic bone metastasis. Activating mutations in NOTCH2 cause Hajdu-Cheney syndrome, which is characterized by skeletal defects and fractures, and JAG1 polymorphisms, are associated with variations in bone mineral density. In conclusion, Notch is a regulator of skeletal development and bone remodeling, and abnormal Notch signaling is associated with developmental and postnatal skeletal disorders.
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Keywords Osteoblast Á Osteoclast Á Bone turnover Á Remodeling Á Bone and cartilage development Á Bone tumor Endochondral bone formation is the developmental process that generates the appendicular skeleton and selected elements of the axial skeleton. Skeletal elements that form through this mechanism are preceded by a template of hyaline cartilage, which arises from the condensation and chondrogenic differentiation of mesenchymal cells. Chondrocytes in the hyaline cartilage proliferate, undergo hypertrophic differentiation, and deposit a mineralized matrix before becoming apoptotic. This sequence of events generates a calcified cartilage scaffold that is vascularized and colonized by skeletal precursor cells, which replace the hyaline cartilage with bone [1] . Following completion of endochondral ossification, bone is modeled during growth by bone-resorbing and bone-forming cells. Adult bone is remodeled by the coordinated activity of osteoblasts, the bone matrix-producing cells, and osteoclasts, the multinucleated bone matrix-resorbing cells [2] . Skeletal development and bone remodeling are regulated by a network of signaling pathways, and Notch has emerged as a key component of these networks.
Notch Canonical Signaling
The four receptors termed Notch1-4 and the five Delta/ Serrate/Lag-2 (DSL) ligands named Jagged (Jag) 1 and 2 and Delta-like (Dll) 1, 3, and 4 are single-pass transmembrane proteins that mediate cell-to-cell interactions. Additional proteins able to bind to Notch receptors have been identified, but whether they activate Notch signaling in mammalian cells is not known [3] . Following binding to DSL ligands, Notch undergoes a series of proteolytic cleavages, which lead to the release of the Notch intracellular domain (NICD) in the cytoplasm. The c-secretase complex contains the proteases Presenilin1 and Presenilin2, which are critical for cleavage of the transmembrane portion of Notch and for activation of signaling. NICD translocates to the nucleus and forms a protein complex with Epstein-Barr virus latency C promoter binding factor (CBF)1/Suppressor of Hairless/Lag1 (CSL), also known as RBP-Jj in mice, and with Mastermind-Like (Maml). CSL or RBP-Jj allows binding of the active transcriptional complex to DNA [4] (Fig. 1) . Proper duration of the Notch signal is ensured by the proline (P)-, glutamic acid (E)-, serine (S)-, threonine (T)-rich (PEST) motif, which is located at the C terminus of the receptor and is necessary for the proteasomal degradation of NICD [4, 5] . Hairy Enhancer of Split (Hes) and Hes related with YRPW motif (Hey) transcription factors are established targets of Notch signaling. Seven Hes proteins (Hes1-7) and three Hey proteins (Hey1, Hey2, and HeyL) have been identified, and all but Hes2 and Hes3 are targets of Notch canonical signaling [6] . NICD may interact with cytosolic proteins and regulate gene expression in a CSL/RBP-Jj-independent manner [7] . Although a role for CSL/RBP-Jj-independent Notch signaling in the regulation of osteoblast function and chondrogenesis is not apparent, it is not clear whether this is also the case for osteoclastogenesis [8] [9] [10] .
Notch1 and Notch2 are necessary for embryonic survival, and their global inactivation results in embryonic or perinatal mortality [11, 12] . Notch3 is structurally similar to Notch1 and Notch2; Notch3 null mice are viable, and induction of Notch3 causes a phenotype reminiscent of the cerebral autosomal dominant arteriopathy with subcortical infarcts (CADASIL) human syndrome [13, 14] . Notch4 plays a role in embryonic vascular morphogenesis but is dispensable for development since its function can be carried out by Notch1 [15] . Notch1-3 are expressed by skeletal cells. With the exception of Dll3, individual inactivation of DSL ligands in mice is developmentally lethal, indicating that each DSL ligand has unique functions required for survival [3] . Dll3 null mice are viable and present vertebral and rib deformities secondary to patterning defects during development [3] .
Notch Role in Skeletal Development and Chondrogenesis
Notch signaling in vitro and mouse models where Notch is misexpressed in the limb bud reveal a suppressive role in chondrogenesis [16, 17] . Inactivation of Presenilin1 and Presenilin2 in the limb bud or conditional deletion of Notch1 and Notch2 causes skeletal malformations due to enhanced hypertrophic chondrocyte differentiation. This phenotype is recapitulated by the conditional ablation of Notch2, suggesting that the inhibitory effects of Notch on skeletal development are mediated by Notch2 [18] . In accordance with these findings, conditional overexpression of NICD in the limb bud impairs endochondral ossification due to suppressed chondrocyte differentiation. Deletion of Csl/Rbpjj in chondrocytes enhances proliferation and reverses the effects of Notch in limb buds, demonstrating that Notch regulates chondrogenesis acting through the canonical pathway [9, 19] . NICD overexpression governed by the Collagen Type 2a1 (Col2a1) promoter suppresses chondrocyte proliferation, confirming an inhibitory role of Notch in chondrogenesis The inactivation of Hes1 directed by the Paired-related homeobox 1 (Prx1) enhancer increases femoral length and trabecular number, suggesting that selected effects of Notch during limb bud development are mediated by Hes1 [20] .
Notch Regulates Osteoblast Differentiation and Function
During postnatal life, osteoblasts arise from mesenchymal precursors that reside in the bone microenvironment [21] . Although Notch may act either as a suppressor or inducer of osteoblast differentiation in vitro, studies in transgenic murine models established that activation of Notch signaling arrests commitment of pluripotent precursors to the osteoblastic lineage and suppresses osteoblast differentiation [17] . Conditional inactivation of Notch1; Notch2 or of Csl/Rbpjj under the control of the Prx1 enhancer depletes the bone marrow from osteoblast progenitors [18] . Accordingly, NICD overexpression directed by the Prx1 enhancer induces proliferation and suppresses the differentiation of mesenchymal precursor cells in the adult mouse. Concurrent inactivation of Csl/Rbpjj restores normal osteoblastic differentiation, demonstrating that Notch canonical signaling suppresses the commitment of mesenchymal cells to the osteoblastic lineage [9] . NICD overexpression controlled by a 3.6 kb fragment of the Collagen Type 1a1 (Col1a1) promoter, which is expressed during the early stages of osteoblast differentiation, causes osteopenia due to decreased number of osteoblasts, confirming an inhibitory effect of Notch on osteoblast differentiation [22] . Overexpression of NICD under the control of a 2.3 kb fragment of the Col1a1 promoter, which is active in mature osteoblasts, causes an increase in osteoblasts synthesizing woven bone, possibly because of impaired terminal osteoblast differentiation, an effect mediated by the Notch canonical pathway [10, 23] . The different timing of activation of the 3.6-and 2.3-kb Col1a1 promoter fragments is probably responsible for the differences in phenotype observed, although both models support a role of Notch as a suppressor of osteoblast differentiation [24] .
The inhibitory effects of Notch on osteoblastogenesis are due to interactions of Notch with transcription factors or with other intracellular signaling pathways. NICD and Hey1 bind and inhibit the transactivation of Runt-related transcription factor (Runx)2, a transcription factor necessary for osteoblast differentiation [18] . Notch also suppresses Wnt/b-catenin signaling, which is required for osteoblastogenesis, and interacts with nuclear factor of activated T cells (NFAT) [22, 25, 26] . Five isoforms of NFAT are known, and NFATc1-4 are expressed by cells of the osteoblastic lineage; in these cells Notch suppresses the transcription of NFATc1 and enhances the expression of NFATc2 by post-transcriptional mechanisms. CSL/RBP-Jj and NFATc1 form a protein complex and compete for DNA consensus sequences, resulting in a reciprocal inhibition of Notch and NFATc1 transactivation [26] . In vitro NFATc1, like Notch, inhibits expression of osteoblast gene markers, suggesting that their interaction serves as a local regulatory mechanism to control osteoblast differentiation [26, 27] .
Overexpression of Hes1 under the control of the 3.6-kb Col1a1 promoter causes osteopenia in female mice due to reduced osteoblast number, and inactivation of Hes1 in osteoblasts increases trabecular bone volume due to enhanced mineral apposition rate in male mice [20] . Accordingly, Hes1 binds to the osteocalcin promoter and suppresses its transactivation [28] . However, interactions of Hes1 with Runx2 induce osteocalcin and osteopontin promoter activity, indicating that under selected conditions Hes1 carries skeletal functions that differ from those described for Notch signaling [29] [30] [31] . Global Hey1 overexpressing transgenic mice display a modest skeletal phenotype, but preliminary results showing increased bone mass in Hey1 heterozygous null mice in a HeyL null background suggest that Hey proteins mediate the inhibitory effects of Notch in the skeleton [32, 33] . However, data from animal models of global misexpression have to be interpreted with caution since the skeletal phenotype observed could be secondary to systemic nonspecific effects and a definitive role for Hey genes in skeletal development and bone remodeling has not been established.
Notch Modulates Osteoclastogenesis
Osteoclastogenesis is modulated by the ratio of receptor activator of nuclear factor j-B ligand (RANKL), which induces osteoclast formation, and osteoprotegerin, a soluble protein that binds and inhibits RANKL [34] . The role of Notch signaling in osteoclastogenesis is cell contextdependent. Notch can suppress osteoclastogenesis in vitro by inhibiting the differentiation of mononuclear precursors and by enhancing osteoprotegerin expression in osteoblasts [8, 35] . Accordingly, conditional inactivation of Presenilin1 and Presenilin2 in osteoblasts causes an increase in osteoclast number due to suppressed osteoprotegerin expression [23] . Under selected conditions, the Notch2 intracellular domain and nuclear factor j-B interact in osteoclasts to induce the activity of the Nfatc1 promoter and, as a consequence, promote the terminal phases of osteoclast differentiation [36] . In addition, skeletal metastases of breast cancer tumor cells with enhanced Notch signaling promote osteoclastogenesis by inducing interleukin-6 in osteoblasts and by direct effects on osteoclast precursors [37] . Studies in mice misexpressing Hes1 in osteoblasts suggest that Hes1 promotes osteoclastogenesis, indicating that Hes1 does not mediate the reported inhibitory effects of Notch on osteoclastogenesis [20] .
Notch and Developmental Disorders of the Skeleton
Recessive brachydactyly is characterized by aberrant patterning of the hands and feet, micrognathia, and reduced growth. An inactivating frameshift mutation of chondroitin sulfate synthase-1 (CHSY1), a transmembrane protein containing a fringe domain, is associated with this disease. Upregulation of JAG1 and increased activation of Notch signaling, which is reversed in the presence of a functional CHSY1 protein, are documented in cultured fibroblasts from affected individuals, suggesting that increased Notch activity causes recessive brachydactyly [38] . Accordingly, mutations of the Notch ligand Jag2 cause syndactyly in mice, indicating that the impairment of Notch signaling causes patterning defects of the hands and feet [39, 40] .
Alagille syndrome is a disease associated with several systemic defects, such as impaired bile duct formation, leading to liver failure; aberrant vertebral segmentation, which results in butterfly vertebrae or hemivertebrae; and cardiovascular defects including Fallot syndrome [41] . Loss of function of JAG1 alleles containing splicing site mutations, missense base substitutions, premature termination codons leading to truncated proteins, and complete gene deletions are associated with Alagille syndrome [42] . Rarely, mutations in NOTCH2 are found in this disease [43] . Jag1 inactivation in mice is lethal, and Jag1 heterozygous mice with a Notch2 hypomorphic allele display growth defects recapitulating those found in Alagille syndrome, confirming a role of Notch signaling in the pathogenesis of this disease [44] .
Spondylocostal dysostosis is characterized by a series of vertebral segmentation defects and rib anomalies that lead to trunk dwarfism, which have been associated to either dominant or recessive mutations in various components of the Notch signaling pathway [41, 45] . The pudgy Dll3 allele and global inactivation of Dll3 in mice causes developmental defects that are reminiscent of spondylocostal dysostosis, suggesting that mutations in DLL3 cause this disease in humans [46, 47] . Notch signaling induces the expression of Mesoderm posterior 2 (Mesp2), a transcription factor that is critical for somite patterning during development, since its inactivation in mice causes vertebral fusions [48] . Accordingly, spondylocostal dysostosis type 2, which presents with segmentation abnormalities of the thoracic vertebrae, is associated with inactivating mutations of MESP2 [49, 50] . Post-transcriptional modifications of the extracellular domain of Notch modulate the affinity for specific ligands, and glycosylation of Notch by fringe proteins promotes Notch-Dll1 interactions while decreasing the affinity of Notch for Jag1 [51] . Lunatic Fringe (Lfng) null mice display rib cage and vertebral abnormalities, and mutations of LFNG are found in individuals affected by spondylocostal dysostosis type 3 [52, 53] . Global inactivation of Hes7 in mice disrupts the pattern of Lfng expression during somite segmentation, resulting in a shortened rib cage [54] . Accordingly, spondylocostal dysostosis type 4 in humans is associated with inactivating mutations of HES7, providing additional evidence that dysregulation of Notch signaling causes this disease [55, 56] .
Notch and Osteoporosis
Hajdu-Cheney syndrome is an autosomal dominant disease characterized by localized osteolysis at the distal ends of the phalanges, bone loss, and fractures [57] . This disorder is associated with single point mutations in NOTCH2 that allow the mutated mRNA to escape nonsense-mediated transcriptional decay. The mutations generate a truncated NOTCH2 protein capable of forming the Notch transcriptional complex but lacking the PEST domain required for proteolytic degradation of the intracellular domain [58] . The truncated protein is stable, and increased levels of NOTCH2 intracellular domain are present in fibroblasts harvested from affected individuals. These observations suggest that the manifestations of Hajdu-Cheney syndrome are due to sustained NOTCH2 activation [58] . It is of interest that a genomewide association study demonstrated a correlation between bone mineral density and JAG1 polymorphisms in a Chinese population and in a population of mixed European and Chinese ancestry [59] .
Notch and Malignancies Affecting the Skeleton
Notch signaling plays a critical role in the immune system by influencing the lineage specification of lymphoid and myeloid cells [60] . Activation of Notch1 is associated with T-cell acute lymphoblastic leukemia and lymphoma, and aberrant Notch activation is involved in multiple myeloma, possibly by inducing cell proliferation or by inhibiting apoptosis [61] . The invasive potential of osteosarcoma is associated with increased Notch signaling, and elevated expression of JAG1, NOTCH1, and HES1 is found in human osteosarcoma [62, 63] . The tumor burden of athymic mice inoculated with human osteosarcoma cell lines expressing a dominant negative form of Maml was reduced, confirming the role of canonical Notch signaling in osteosarcoma. Accordingly, c-secretase inhibitors diminished tumor burden, demonstrating that Notch plays a role in the tumorigenic potential of osteosarcoma [62] .
Bone metastases are a major complication of carcinoma of the breast, and Notch appears to mediate selected interactions between osteoblastic and metastatic cells. Human bone marrow stromal cells induce the expression of NOTCH3 in carcinoma of the breast cell lines. Systemic inoculation of breast carcinoma cells or direct injection of the cells in the bone marrow induces osteolytic bone metastases in athymic mice, and downregulation of NOTCH3 reduces their skeletal metastatic potential, suggesting a role of NOTCH3 in the invasiveness of breast cancer cells [64] . Expression of JAG1 in mammary tumor cells correlates with the tumor load and with the ability to form bone metastases in mice. Tumor cells expressing JAG1 activate Notch signaling, induce the expression of interleukin-6 in osteoblasts, and as a consequence, promote osteoclastogenesis and the formation of osteolytic bone metastases. In addition, Notch induces osteoclastogenesis, acting directly on osteoclast precursors, and the lytic lesions release transforming growth factor b from bone, which in turn upregulates JAG1. Administration of c-secretase inhibitors or downregulation of JAG1 by RNA interference decreases the osteolytic potential of carcinoma of the breast, demonstrating a role for Notch signaling in the formation of osteolytic metastases [37] .
Conclusions
In conclusion, canonical Notch signaling is a regulator of skeletal development and bone remodeling. Although the effects of Notch are cell context-dependent, under most conditions Notch inhibits osteoblastogenesis by interacting with other intracellular signaling networks. The effects of Notch on osteoclastogenesis are also complex, and both stimulatory and inhibitory effects have been reported, possibly related to Notch interactions with intracellular proteins or to its ability to induce osteoprotegerin. Alterations in components of canonical Notch signaling lead to developmental skeletal disorders, and gain-of-function mutations lead to bone loss. Notch plays a role in the development and invasiveness of osteosarcoma and in the metastatic potential of carcinoma of the breast. From a therapeutic perspective, Notch signaling can be targeted by the use of antibodies to Notch ligands, to the extracellular domain of Notch, or to the site of initial cleavage [65] . In addition, soluble Maml-like peptides capable of penetrating the cell have been developed to interfere with Notch signaling with the hope of treating disorders associated with excessive Notch activity [66] .
